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1. ABSTRACT

The field of High Power Microwaves (HPM) has evolved as a result of advances in the field of
pulsed power, which has made pulses of electrical energy available that can drive HPM sources to
gigawatt levels. One of the most compact forms of pulsed power involves the storage of chemical energy
in the form of explosive charges. Explosive magnetohydrodynamic (MHD) generators are electrical
power sources which convert the kinetic energy of moving plasma into useful electrical energy through
the magnetic portion of the Lorentz force. This report describes research conducted by the Air Force
Phillips Laboratory to test specific designs of explosively-driven magnetohydrodynamic (EDMHD)
generators. The goal of the research was to investigate the use of gigawatt generators in driving reactive
loads appropriate to diode, and ultimately HPM applications. Two test series were performed, the first
of which consisted of experiments on a low voltage generator and the second of which had the goal of
scaling the existing design tc higher voltage while retaining the reactive-type load. The complex
problem of diagnostics of the plasma in this explosive test was addressed using fast, temporally-

resolved, plasma measurements, as well as spectroscopic plasma constituent measurements.

2. INTRODUCTION

High Power Microwave (HPM) narrow band source research is focused today upon a number of
issues that relate to the generation of multi-microsecond pulses of RF energy at power in excess of'1
GW. Pulsed power systems in the laboratory can provide pulses of relativistic electrons powerful
enough to achieve these levels even for relatively inefficient sources such as vircators, reflex diodes and
triodes, where the efficiency may be only a fraction of a percent [1], [2]. These powerful sources of
pulsed electrical energy are large and heavy, and the search for compact pulsed power alternatives is an
obvious adjunct to the search for efficient and compact HPM sources. The idea of using explosives to
provide a compact electrical energy source has been studied in a number of laboratories for a variety of
applications [3] — [5]. When considering the use of explosive pulsed power to drive HPM sources, the
issue of having sufficient power is not challenging due to the very high energy density of chemical

explosives. The chemical energy density of Composition C-4 used in these experiments reported here




was in the range of 10 — 20 kJ/cm®. Furthermore, the pulsed waveforms from explosively driven pulsed
power systems are much longer than required to meet or exceed the pulse duration of interest, as the
pulses can easily be milliseconds long.

The principal problem associated with explosively-driven pulsed power for HPM applications is
that the current produced, which can be in the.ra.nge of thousands to millions of amperes, comes ét very
low impedance, typically a small fraction of an ohm. This is not suitable for HPM tubes. HPM tubes
work at impedances ranging from a few ohms to more than 1000 ohms. For example, relativistic
magnetrons operate at impedances from 20 to 200 ohms, relativistic traveling wave tubes (TWTs) and
backward wave oscillators (BWOs) work at from 200 to 300 ohms, and relativistic klystrons work at
impedances of 35 to 1700 ohms [6]. Consequently, the primary issue in explosive pulsed power is that
of power conditioning to transform an inherently high current very low voltage source into 2 much
higher voltage source.

There are a number of types of explosive pulsed power sources, including magnetohydrodynamic
(MHD) generators and flux compression generators (FCGs). The latter have achieved energy in the
range of 0.5 to 100 MJ and currents from 0.8 to over 300 MA, and have a relatively modest cost of
$10°/7 relative to the $1-$2/J for conventional pulsed power sources [7]. They can also be designed to
produce pulses in the 1 - 10 microsecond range, which is ideal for driving HPM tubes [8]. However, one
serious disadvantage of flux compression generators that are very compact in size and lightweight is
their extremely low impedance. Typical helical FCGs produce several 100s of kA of current at 10s of
kV. Thus, the internal impedance of such devices can be as low as 1 — 10 mQ. MHD generators have an
impedance which depends upon the shock tube (plasma channel) aspect ratio. The larger the aspect ratio
(channel width/electrode separation) the larger the internal resistance of the generator [9].

This report discusses results of research performed to date on explosive MHD generators, which
also have the potential for producing pulses suitable for driving HPM tubes. Explosive MHD generators
are electrical power sources that convert the kinetic energy of a moving plasma into useful electrical
energy through the magnetic force term of the Lorentz force law. These generators are capable of power

outputs in the gigawatt range with pulse durations from the microsecond to the second time scales [9] —




[11]. Research was conducted by the Air Force Phillips Laboratory and Sandia National Laboratories
(SNL) to test specific designs of explosively-driven magnetohydrodynamié (EDMHD) generators. The
goal of the research was to investigate the use of gigawatt generators in driving reactive loads.
Specifically, voltage waveforms obtained from an earlier design [12] were of particular interest because
of the reported rise time (0.5 to 1.5 ps) and the relaitively flat top and pulse width of 1 — 2 us.

Two test series were performed. The first test series consisted of experiments using a low
voltage generator [13] designed and tested by SNL under resistive load conditions only. The goal of
these new experiments was to determine the interaction of the generator with a reactive load similar to
the situation encountered with an HPM diode load. The SNL design chosen for this series of tests was
design #6, the latest design of the compact explosively-driven MHD generator operating at a peak power
of greater than 1 GW. Two separate shots were done using design #6 in the low voltage series. The
second test series had the goal of scaling the existing design #6 to higher voltages while retaining the
reactive load. Only one test was conducted successfully of the high voltage generator using this new
design. One other test was attempted, but failed due to an explosive misfire.

This report describes the test results for both generator designs, the lower voltage generator and
the new high voltage generator. The next section begins with a brief description of the theory of
operation of explosively driven MHD generators. Then, the two series of experiments, calculations of
performance, and results follow. First, the low voltage generators are described, followed by a
discussion of the larger, high voltage generator experiment. The significance of these results is then

discussed and concluding remarks are made.

3. THEORY OF OPERATION

MHD generators use the magnetic force applied to a moving plasma to extract energy from the
bulk motion of the plasma. If an ionized gas is forced to enter a region of magnetic field, in general, this
plasma will experience a force perpendicular to the motion of the gas and to the direction of the field.
As a special case, if the plasma also moves perpendicular to the magnetic field in a region of space

bounded by conductors, the voltage produced between the conductors by the induced charge separation




is equal to UBd, where U is the flow velocity, B is the external magnetic induction strength, and d
separation distance between the electrodes. The open circuit voltage, V¢, of the generator is, thus,

given by:
Ve = Ubd, 1)

There are in general many factors that alter the simple behavior of tﬁe MHD generator. Some of
these are: boundary layer formation that traps the external magnetic field lines and distorts them near the
electrode surfaces; the formation of many species of partially and multiply ionized gases; 3D effects or
geometry factors that alter the flow of the gas and the behavior of the EM fields; turbulent flow of the
plasma as it enters the shock tube; and other plasma-related interactions. Despite these many factors
which alter the basic relationship, it is instructive to use the simple theory to predict the generator’s
performance. ,

In order to analyze the detailed behavior of the two generator designs tested in these experiments,
it is necessary to conduct computer modeling of the hydrodynamic flow in these geometries. To date,
calculations using the CTH code [14] have been done on generator design #6 only. The modeling results
done for these early designs were used to estimate the gas flow through the generator in the first series of
tests with the low voltage generator (see pre-shot predictions discussed below). This was possible
because the geometry of the generator and explosive driver used here was the same as for this previous
research. No MHD calculations have been attempted due to the difficult numerical challenges involved
with large Reynolds number problems at very late times (10's of ps) compared to the plasma dynamics

[15]. Further, no CTH calculations were attempted for the high voltage generator design.

4. EXPERIMENTAL CONFIGURATION
A block diagram showing the generalized geometry for the MHD tests is shown in Figure 1. The

generator consists of four basic parts. The first is the explosive driver. The explosive driver compresses

argon gas to produce a plasma which is injected into the shock tube. The second component is the non-




conducting shock tube. The plasma shock front flows through this tube, interacting with the magnetic
field to produce a voltage across the electrodes. The next portion of the generator is the magnetic field
coils. The coils produce the magnetic field which gives rise to the charge separation. The transport of
charge to the electrodes produces a voltage on the electrodes and thus current flow when the generator is
connected to a load. The final portion of the generator experiment is the load itself. In all the tests
reported, the load was reactive with a small resistive component.

The plasmas used in the MHD generators were produced using shock ionization of an argon gas.
The ‘explosive used in the experiments, Composition C-4, was packed into a driver which was shaped so
as to optimize the plasma shock production. The explosive driver also acted to inject the plasma into the
shock tube at high velocity. The explosive driver was not seeded to increase the ionization of the
plasma. The time of arrival of the plasma was determined using shorting pins (called PINs in this
report) as well as fiber optic probes. The PINs were small conducting pins placed along the shock tube
in the plasma flow. A small bias voltage was placed on these PINs so that when they were broken by the
arrival of the plasma front so that the measured signal change corresponds to the time of passage of the
front at that location. |

The field coils used in the experiments were driven by a capacitor bank that was protected from
the effects of the explosive. The bank was charged and then switched to the coil by either single or
multiple ignitrons. The coils produced fields ranging from 9 to 11.8 Tesla. The fields were uniform
over the length of the electrodes in the interaction region. The field strengths were monitored using B-
dot probes and the coil currents were monitored with Rogowski-type current probes.

The loads used in the tests were reactive with a small resistive component. The capacitors were
connected to the generator electrodes using a short section of transmission line. For the low voltage
experiments, the capacitors were mounted directly to the electrodes and shock tube by a strip line
insulated with Kapton tape. In the high voltage tests, the load was shielded from the blast in a cement
culvert with the electrical connection achieved using RG 220 cable. The load voltage was monitored

using resistive dividers with the load current being measured using Rogowski coils.




5. LOW VOLTAGE GENERATOR
5.1 Overview

The components of the low voltage generator are shown in Figure 2. Many of the details of the
first two years of the project that led to this design are described in two Sandia National Laboratories
technical reports that contain the theory of operation, a discussion of the various components tested,
modeling data, results, and the use of diagnostics on each test [12], [16].

The design reported here consisted of a 0.90 kg ( 2 Ib.) explosive, cylindrical driver, and a 1.27 x
5.08 x 91.44 centimeter (0.5 x 2.0 x 36.0 inch) rectangular shock tube. The magnetic field was
generated by an electromagnet consisting of two coils wound with Litz wire [13] placed on each side of
the shock tube. The coil was energized with a 519 pF capacitor bank which was then switched to the
coils using an ignitron.

The load chosen for the low voltage generator tests consisted of four 2 pF capacitors mounted on
a parallel plate transmission line which provided a total inductance of 200 nH. The transmission line
was insulated using Kapton tape to provide adequate voltage standoff. Figure 3 shows the equivalent
circuit for the load. An overview of the experimental parameters for the low voltage tests is summarized

in Table 1.

5.2 Pre-Shot Predictions

The performance of design #6 was predicted using the CTH hydrodynamics code. This code was
used to determine the gas flow properties of the argon as it enters and propagates down the shock tube.
With this approach the electromagnetics are ignored. The gas velocity U, gas density p, and the gas
pressure P, were: U= 25.5 km/s, p =44.5 kg/m’, and P =2.7 x 10°Pa or 2.7 kbars, respectively.
These parameters resulted in a predicted open circuit voltage of 18 kV for a magnetic field of 14 T,
using Equation (1) [13].

The load capacitors were modeled using the circuit analysis code Micro-Cap IV [17]. The
circuit model designed to simulate the load with this generator design is shown in Figure 3. The results

of Micro-Cap runs on this lumped circuit model are shown in Figure 4. The series of curves show the




variation of load voltage as the internal resistance of the generator is varied. Note that the variation is

sensitive enough to allow an estimate of the internal resistance from the load characteristics.

53 Results

Diagnostics on the low voltage generator focused on the following generator parameters: plasma
velocity measurements, magnetic field measurements, open circuit voltage, and eddy current plus the
load voltage and current measurements. Since the electrode separation is known, the plasma velocity
and magnetic field can be used to verify the open circuit voltage. The eddy current data provides an

estimate of the magnetic Reynolds number given by:
Rm = Ho O'Ud, (2)

where 1, is the permeability of free space, ois the electrical conductivity, U is the plasma flow velocity,

and d is the electrode separation distance. For the low voltage generator, the conductivity was estimated
from the data from the plasma resistance probe.

The shorting pin data indicates a plasma velocity of 20 km/sec, 22% below the estimate. The
maximum of the magnetic field was timed to coincide with the arrival of the plasma in the electrode
region. The actual magnetic field measured was 9.4 T for the two shots. Using the given electrode
separations, and actual measurements from the PIN data and B-dot probes, we now estimate an open
circuit load voltage of 9.5 kV. The measured open circuit voltage was 31 kV for the first shot and 22 kV

| for the second shot, considerably higher than the simple estimate. From the data, the estimated plasma
conductivity estimate was 18,400 Siemens/m, and the magnetic Reynolds number was 30.

As an example, Figure 5 shows the load voltage and current for the first shot. The maximum
load voltage and current are 12.4 kV and 12.0 kA for this test. As indicated above, these values are more
than a factor of two greater than those predicted on the basis of the plasma parameters and magnetic

field given above. The higher measurement is probably due to the complications of geometry of the




electrodes and plasma flow resulting in Equation 1 providing only an order of magnitude estimate.
However, this load voltage result is consistent with a matched load, being about one half of the open
circuit value of 31 kV. When one compares the open circuit voltage trace with the load voltage trace
there is evidence of electrical breakdown in both tests conducted with this generator design. In the case

of test #1 (Figure 5) the breakdown occurs after the peak voltage is reached (see the discussion below).

5.4 Discussion

The plasma flow in the shock tube and the magnetic field coils behaved as expected. The results
agree well with pre-shot testing and the predictions of code. However, from the load voltage traces on
both tests, it is evident that electrical breakdown occurred. Nonetheless, peak values of voltage and a
rough estimate of expected wave forms (without breakdown) can be made and compared to the generator
open-circuit voltage measurements.

In the first low voltage experiment, premature breakdown apparently occurred in the
transmission line section feeding the load (Figure 5). The fall-time of the load voltage is faster than the
fall time of the open circuit voltage. This is presumably due to breakdown occurring between the two
measurement points, i.e., in the feed to the load. Despite the breakdown in the feed, an estimate of the
generator source impedance was obtained by matching the experimental voltage traces to a circuit
model. The impedance obtained in this manner was 140 mQ.

In the second test, breakdown again apparently occurred during the voltage pulse, this time in a
cable used to connect the open circuit voltage probe to the MHD channel electrodes. Specifically, the
failure likely occurred due to surface flashover in a Reynolds C cable connector. Subsequent laboratory
tests of similar connectors indicated that failure occurred at 10 to 12 KV for a 100 ns applied puise.
Therefore it is doubtful that the measured open circuit voltage of 30 kV for several microseconds was
held off by the connector. The breakdown of the open circuit voltage probe cable doubtless loaded the
load voltage measurement. The measured load voltage peaked at approximately 4500 volts, which is

about one-half that predicted for a perfectly matched load.




6. HIGH VOLTAGE GENERATOR
6.1 Overview

The generator used in the high voltage tests was a new design which employed a conical-shaped
driver with an inverted cone inside specially configured to produce a fast plasma jet into the nozzle
region that separated the driver section from the shock tube. The shock tube was much larger than the
earlier design, but still rectangular in shape. Simple scaling predicts that the channel size of 1.27 x 30.5
x 91.4 cm (0.5 x 12.0 x 36.0 inches) has the capability of generating voltages exceeding 100 kV using
magnetic fields comparable to those used in the low voltage tests. Figure 6 shows a drawing of the
driver and shock tube.

The electromagnet required for the large generator was completely re-designed to fill a much
larger volume with high magnetic field. A two-segment Bitter coil, consisting of a stack of ten 4130-
steel plates (0.64 cm thick, 38 cm wide, 64 cm tall) which are welded together was uséd to generate the
necessary magnetic field. The stack was connected by a copper bus-bar that allows for the fields
generated by each side to be additive. The design goal was to provide a 14 T magnetic field in the center
of a 7.62 cm by 33.0 cm rectangular region, requiring an energy of 2.5 MJ. The energy to drive the coil
was supplied by a 3 MJ capacitor bank consisting six modules of 500 kJ each.

The reactive load used for this experiment consisted of three 50 kV, 1.34 pF capacitors
connected in series. The total capacitance was 0.335 pF. This design was chosen based upon an
equivalent circuit model as shown in Figure 7 and upon the ready availability of components. The load
was connectéd to the generator electrodes using a 55.9 cm long section of the center conductor from RG
218 cable, contributing approximately 1 uH of series inductance to the load. The two sections of RG
218 center conductor are then connected through a small brass bus to RG 220 cable. The RG 220 cable
extends for 23 meters to the capacitive load. The series inductance due to the RG 220 is 5.8 uH. Since
the electrode region is immersed in the high magnetic field, the cable connections from the bus to the

RG 218 were encased in a silicone-based adhesive and the entire region was enclosed in an SF filled

bag at standard temperature and pressure. The SF, was used to mitigate electrical breakdown. Two




Rogowski coils were used determine the load current and two voltage dividers were used to monitor the

load voltage.

6.2 Pre-Shot Predictions
For the high voltage experiment, the generator and shock tube design were based upon previous

experience with other design tests. The gas pressure, plasma velocity, and plasma density were designed

to be the same as in the low voltage generator tests. The design for the load circuit was based upon

lumped circuit element models. The circuit model used for the high voltage generator and load is shown
in Figure 7. Table 2 summarizes the key design features and predicted performance goals for the large

MHD generator. Based upon the circuit model analysis of the experiment configuration, the expected

load voltage waveform is shown in Figure 8. Since the load impedance is large, the variation of the

voltage and current is minor and hence a family of curves is not shown.

6.3 Results

In the high voltage generator, the same diagnostics were utilized as in the low voltage
experiments with the addition of an array of fiber optic probes. Since the separation of the probes along
the shock tube is known, this diagnostic can be used to infer information concerning the plasma
propagation through the shock tube. Figure 9 shows data obtained from the PIN’s, indicating a plasma
velocity of 7.5 km/sec. The peak magnetic field was 11.75 T at the time of arrival of the plasma front.
These diagnostics indicate that the plasma flow velocity is a factor of four lower than expected,
consistent with the reduced load voltage (from Equation 1). The pulse width is estimated to be 32 ps.
Figure 10 shows the load voltage and Figure 11 the load current. The peak voltage is 12 kV. This does
not agree with initial pre-shot predictions which suggests a load voltage of 50 kV under matched

conditions.
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6.4 Discussion

The time-of-arrival data from the PINs is shown in Figure 9, and the two load voltage dividers
and the load current Rogowski coil are shown in Figures 10 and 11. There is a great deal of ambiguity
in the voltage data, however, along with the data from other diagnostics associated with this experiment,
the following interpretation of the data has been formulated. The voltage signals prior to approximately
180 s are due to a plasma precursor shortly after the explosive driver is detonated (and the aluminum
Jiner implosion begins). One explanation for this negative going voltage may be due to the fact that, at
this point in time, the generator is essentially a linear Faraday generator, and as such appears as a
capacitive circuit element.

The main plasma flow arrives in the electrode region at approximately 180 ps, resulting in
measured load voltage of 12 kV. This voltage, while much lower than desired, is consistent with the
plasma flow being down by a factor of four, as described above. The large signal excursions late in time
are likely due to ground loops induced as the experimental apparatus begins to move under the action of
the high explosive detonation.

Two optical fibers were also used to obtain an estimate of the time of arrival of the plasma at
positions along the shock tube. The position of the furthest upstream fiber was coincident with PIN #3,
the second fiber Was coincident with PIN #6, their axial separation being 15.24 cm. Each fiber's output

was coupled into a monochromator tuned to 480.6 nm, a relatively strong line from Ar".

Monochromator outputs were directly coupled into light detectors, light from furthest upstream
being monitored by a Hamamatsu model R2658 photomultiplier and the second fiber output monitored
by a fast semiconductor avalanche photodiode. Electrical signals from the detectors were fed into
oscilloscopes that were triggered at the same time as the PIN detectors duﬁng the experiment.

The record from the photomultiplier is shown in Figure 12. Two features of this record should
be noted: (i) a measurable optical signal begins at 20 ps after trigger and continues to increase in
intensity for 44 ps at which time the photomultiplier saturates. (ii) There are three distinct slopes seen
on the photomultiplier during the time interval 24 ps - 65 us. The first feature suggests that plasma

enters the shock tube gradually, perhaps not forming a well-defined shock front. It is easy to conjecture

11




that plasma forced through the rectangular aperture from the driver, which has cylindrical symmetry,
would tend to spread out in some fashion as it fills the shock tube. The second feature allows an
estimate of the plasma velocity. It is difficult to attach an arrival time for the plasma at the furthest
upstream probe (photomultiplier), however it can be assumed that the steepest part of the signal
(approximately the time of photomultiplier saturation) coincides with plasma arrival at 66 ps. Since the
two fibers are separated by 15.24 cm these data give an average axial speed of 0.5 cr/ ps. It should be
pointed out that the photomultiplier is capable of detecting very small light intensities. Although the
monochromator is tuned to 480.6 nm the presence of a continuum of light which includes 480.6 nm
could not be differentiated from a discrete source emitting at this wavelength. It is possible that the
entire signal recorded from the photomultiplier is not solely due to singly ionized argon. This conjecture
is supported by the spectroscopic data described below.

Data from the second fiber is shown in Figure 13. Tests prior to the experiment showed that the
avalanche photodiode detector is not nearly as sensitive as the photomultiplier and requires relatively
high intensity light to generate a significant electrical output. A weak signal may be seen on this record
occurring at 96 ps. The later signals are attributable to breakup of the chamber and/or arrival of the hot
gas from the explosion.

Four fibers provided separate optical signals from the experiment to an optical multichannel
analyzer (OMA). These fibers were equally spaced by 5.08 cm (2.0 inches) with the furthest upstream
fiber axial position coinciding with the upstream fiber discussed in the last section. The output ofa
0.25-meter Czerney-Turner spectrograph, with a 600/mm line grating, was coupled to the detector of the
OMA. The detector is a pulsed vidicon with a 500x500 array of cells. In anticipation of the presence of
Ar+, the grating was tuned to place 480.6 nm near the middle of the observed spectral range. The signal
from PIN #1 was used to trigger the OMA and an additional 3 ps delay added before the detector high-
voltage pulse, which was 3 ps long. Figure 14 shows the spectra accumulated from the four fibers.
These spectra are corrected for the wavelength-dependent response of the OMA by using an NIST
standard lamp. The anticipated Ar II (Ar") line that should have been detected is at 4808 A (480.8 nm).

No evidence of Ar is seen in these spectra which appear to be dominated by a continuum. It is
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conceivable that the plasma temperature was sufficiently high to have "burned through" the first
ionization state. It is well known that at temperatures exceeding 4-5 eV nearly all the argon will be in
the second ionization state, which radiates predominantly in the ultraviolet. No attempt has been made
to analyze the observed continuum; however it does not qualitatively resemble a blackbody spectrum.

Some useful information regarding the plasma velocity may be extracted when we consider that
the OMA was triggered by the furthest upstream PIN (PIN#1). Plasma arrival at PIN#1 occurs at 63 ps.
When we include the 3 ps delay for the OMA, spectroscopic data is accumulated over the time interval
66 us to 69 ps. The first OMA fiber is located 7.62 cm downstream from PIN#1, the second 12.70 cm,
the third 17.78 cm, and the fourth 22.86 cm. A barely measurable amount of light is seen at the third
fiber position suggesting that the bulk of the plasma is still upstream of this position during the time data
was acquired. During 6 ps (3 ps delay plus 3 ps window) the plasma has at most traveled 13 cm, if the
light observed by the OMA is due to the plasma. OMA data therefore indicates that the maximum axial
velocity of the plasma is on the order of, or less than, 2 cm/ ps. Absence of any argon lines, neither for
singly ionized argon nor neutral argon, strongly suggests that the argon plasma has not yet arrived at any
of the fibers monitored by the OMA. As noted before, it is difficult to imagine that the temperature of
the plasma expanding through the shock tube aperture is in excess of 4 -5 eV. If, in fact, the argon
plasma has not yet arrived at the OMA fibers, the plasma cannot have an axial velocity in excess of 0.75
cm/ps.

The results of the high voltage generator test suggest several explanations for the poor generator
performance. First, the poor vacuum in the shock tube may have contributed to the low shock front
speed. The shock tube used for this test could not hold vacuum and leaked argon until the base pressure
was reduced to 90 psi. However, it is not felt that this is the predominant reason for the poor
performance [18]. Other explanations stem from the optical data. As suggested by this data, the plasma
shock front expanded to fill the shock tube transverse to the direction of plasma flow. This expansion
can only have come at the expense of the longitudinal shock front velocity. Further, another energy

dissipation mechanism is suggested from the OMA data. In this interpretation, significant energy was
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used for plasma heating, rather than kinetic energy of translation. Each of these effects can act to reduce
the plasma velocity, thus reducing the voltage measured at the electrodes.

Another contributing factor may stem from the high magnetic Reynolds number of the plasma
flow. This suggests that large boundary layers may have been induced along the walls of the shock tube

impeding the current flow.

7. CONCLUSIONS

Two different designs for an explosively-driven MHD generator have been tested to determine
their electrical behavior when delivering power to reactive loads. One of the original goals to develop
the scaling of these generators as the shock tube size increases was not fulfilled. However, significant
amounts of power were extracted from both designs.

The larger generator did not meet our expectations for voltage and power. This discrepancy can
be attributed to several possible factors: i.) mismatch of the shock tube and driver, resulting in poor
plasma flow, ii.) leaking of the vacuum and argon systems, iii.) the boundary layer problems resulting
from a high Reynolds number.

All of the other objectives for the explosively-driven MHD pulsed power studies were
successfully achieved. This included building experience in conducting explosive pulsed power tests,
and setting up a compatible infrastructure. Also, the major objective of providing more training,
equipment, and new procedures for operations when high voltage, explosives, and large support
equipment like the capacitor banks were accomplished.

Further study of the generator designs is warranted for some HPM applications. In particular, the
following steps should be taken before large scale MHD explosive testing is resumed:

1. Using a hydrodynamic code similar to CTH, conduct a study of the flow behavior of the large

channel generator design. This will require 3D modeling, or 2D modeling using appropriate
approximations near the throat of the tube. This study will be able to answer key questions

regarding the effect of no initial vacuum in the shock tube so that a fuller understanding of

the data from these experiments can be reached.




2. The code MACH2 [19] (and later MACH3 [20]) should be modified to allow for a complete
analysis of the MHD characteristics of rectangular MHD generators that are explosively
driven. The Hall effect, so important in MHD generators, must be included in the model.

3. Smaller scale laboratory experiments should be designed to study the issues associated with
plasma boundary layer formation in a (height dominated) rectangular geometry. This would
be the best way to verify the modeling results provided from following through with the
recommendation above.

4. A way must be found to reduce the size and weight of the electromagnet needed for the 100
GW generator before this MHD generator designed is considered for employment with a
compact HPM system. One concept would be to use a flux compression generator in concert
with an MHD generator fo provide the necessary magnetic flux during the time interval
required.

5. These two designs demonstrated that the impedance of the MHD generator, while perhaps
100 times higher than an flux compression generator (approximately 200 mQ versus 2 mQ),
is still lower than the tens to hundreds of ohms needed to match effectively with many HPM
sources. Research on pulse conditioning must continue if compact HPM sources driven by

explosive generators are to become a reality.
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Table I. Overview of the experimental parameters for the low voltage tests.

Explosive COMP C-4, 2.0 ]bs

Size of Shock Tube 0.5 x 2 x 36 inches, rectangular
Vacuum in Tube ~4 mTorr

Gas Driver Argon at 200 psi
Magnetic Field Strength 94T

Load Capacitance 8 uF

Load Inductance 200 nH

Estimated Gas Velocity 25.5 km/s

Estimated Generator Open Circuit Voltage 12 kV

Estimated Power 23GW
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Table II. Key design features and predicted performance goals for the high voltage MHD generator.

Explosive COMP C-4, 35.0lbs
Size of Shock Tube 0.5 x 12 x 36 inches, rectangular
Vacuum in Tube 1 atm

Gas Driver Argon at 90 psi
Magnetic Field Strength 114T

Load Capacitance 0.335 puF

Load Inductance 4 uH
Estimated Gas Velocity 25.5 km/s
Estimated Generator Open Circuit 100 kV
Voltage

Estimated Power 20 GW
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Bus Feed-
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Figure 1. Generalized geometry for the MHD generator experiments. Each generator design shared
these common features.

20




Current Bus for Field Coils

C-4 Explosive

RP-2 Detonator

Non-conducting Shock
Tube

Diaphragm
Argon Gas

Explosive Driver \

- Field Coil ~ Vacuum Pump
Gas Port  Field Coil Yoke Port

Figure 2. Schematic of the low voltage generator. The view shows basic components of the generator
without showing the electrical load. The explosive is detonated with an RP-2 detonator. The magnetic
field is produced using the coils depicted in the drawing.
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ginH 0.140Q 25nH

Vgenerator @ 91 nH 7.88 pF T

Figure 3. Equivalent circuit drawing for the generator and load used in the low voltage generator
experiments. The resistance, R, is a variable parameter used to model the internal resistance of the

generator.
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Figure 4. Results of the circuit simulation showing the load voltage as function of time for the low
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voltage generator. It shows a family of curves with the generator impedance as a free parameter.
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Figure 5. Load voltage and load current measured in the low voltage generator experiment, shot number
1. The peak voltage and current are 12.4 kV and 12.0 kA respectively.
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Bus Contacts for Field Coils
RP-1 Detonator

Explosive Driver I

Field Coil

Shock Tube

Figure 6. Schematic showing the design of the high voltage generator. Note the similarities to the low
voltage generator shown in Figure 2. The major difference in the two generators is in the geometry of
the explosive driver and the amount of explosives used in the experiment.
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Figure 7. Equivalent circuit drawing for the generator and load used in the high voltage generator
experiments.
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Figure 8. Predicted waveform for the load voltage in the high voltage generator experiment. Since the
load impedance is large, the variation of the voltage and current is minor and hence a family of curves is

not shown.
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Figure 9. PIN signals from the high voltage generator experiments. The signals show the plasma arrival
at various PIN positions along the shock tube.
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Figure 10. Load voltage measured in the high voltage generator experiment.
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Figure 11. Load current measured in the high voltage generator experiment.

30




slope = -5.99 x 10'4

slope = ~2.13x107°

PMT signal (V)

slope=-4.85510">

time (us)

Figure 12. Signal from the first optical fiber used to determine the rate of plasma flow. Light is detected
using a photomultiplier tube with a monochromator tuned to 480.6 nm. The different slopes seen on the
curve indicate distinct changes in the plasma wave front.
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Figure 13. A re-plot of the data obtained from second optical fiber mounted along the shock tube.
Average signal level is depicted. Light is detected using an avalanche photodiode coupled to a
monochromator tuned to 480.6 nm. The probe position coincides with PIN #6.
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